This review is focused on recent synthetic achievements and ongoing work in our laboratory using phenylglycinol-derived oxazolopiperidone lactams as starting materials for the enantioselective synthesis of piperidine-containing alkaloids: madangamines, 2,5-disubstituted decahydroquinoline and 1-substituted tetrahydroisoquinoline alkaloids, the indole alkaloids 20S-and 20R-dihydrocleavamine and quebrachamine, and indole alkaloids of the uleine and silicine groups.
In fact, phenylglycinol-derived oxazolopiperidone lactams are versatile scaffolds that allow the construction of enantiopure piperidine libraries. Scheme 3 provides representative examples of diversely substituted enantiopure piperidine-containing derivatives we have prepared from these lactams. This earlier work, covered in a review published in 2006 [4] , has allowed us to systematically develop methodological aspects and lay the groundwork for understanding the factors governing the facial stereoselectivity in the introduction of substituents on oxazolopiperidone lactams, thus enabling the stereochemical outcome of the reactions to be predicted and controlled.
The aim of this review is to highlight the potential of phenylglycinol-derived oxazolopiperidone lactams in the total synthesis of complex alkaloids belonging to a variety of structural types, as well as to report on recent synthetic advancements and ongoing work in our laboratory.
Towards the First Synthesis of Madangamine Alkaloids
Madangamines are a small group of complex pentacyclic alkaloids isolated from marine sponges of the order Haplosclerida [5] , biogenetically derived from partially reduced bis-3-alkylpyridine macrocycles, some of them showing cytotoxic activity (Scheme 4). Structurally, these compounds possess a diazatricyclic core (ABC rings), unprecedented among natural products, and two carbon bridges connecting N-7 to C-9 (D ring) and N-1 to C-3 (E ring). The absolute configuration of madangamines remains unknown and no total syntheses of madangamine alkaloids have been reported so far. Our approach to madangamines involves the enantioselective construction of the bridged diazatricyclic ABC ring system, containing the appropriate substitution and functionality for the construction of the macrocyclic D and E rings of these alkaloids. Scheme 5 outlines the enantioselective synthesis of the pivotal cishexahydroisoquinolone intermediate 5.
The key steps are (i) a cyclocondensation reaction between (R)phenylglycinol and racemic -oxo ester 1 to stereoselectively give enantiopure lactam 2 (ring B of the target alkaloids) with the required R configuration at C-5
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(madangamine numbering), in a process that involves a dynamic kinetic resolution; (ii) the stereoselective conjugate addition of an allyl substituent to the activated unsaturated lactam 3 (bond formed C 11 -C 12 ; madangamine numbering); and (iii) the closure of the carbocyclic C ring (bond formed C 2 -C 3 ) by a ring-closing olefin metathesis reaction leading, after reductive removal of the chiral inductor, to cis-hexahydroisoquinolone 5 in 57% overall yield from the starting lactam 2, and then to the Nprotected derivatives 6 and 7 (Scheme 5) [6] .
The crucial quaternary stereocenter at C-9 was stereoselectively installed by sequential enolate acylation and alkylation of N-protected hexahydroisoquinolones 6 or 7 with methyl chloroformate and an appropriately functionalized alkyl iodide. The methoxycarbonyl group not only acts as an element of stereocontrol, allowing the subsequent alkylation to occur at the most accessible exo face (see 8 and 11), but is also the precursor of the aminomethyl chain required for the closure of the A ring (Scheme 6). From acetal 8, after functional group manipulation leading to 9, this key step was performed [6b] following the Weinreb procedure [7] , by an intramolecular aminomercuriation reaction using mercuric trifluoroacetate followed by treatment of the organomercury intermediate with oxygen and NaBH 4 (bond formed N 1 -C 2 ). The resulting enantiopure diazatricyclic alcohol 10 possesses suitable functionality both at C-3 and the C-9 chain for the construction of the macrocyclic D and E rings of madangamines.
With minor modifications, starting from the azabicyclic derivative 11, which has an 11-carbon chain at C-9 functionalized at the terminal position, as required for the closure of the 14-membered D ring of mandangamine D, the strategy was used to prepare enantiopure ABCD tetracyclic substructures en route to this alkaloid. The intramolecular aminohydroxylation step was substantially improved by using a different methodology, involving a meta-chloroperbenzoic acid oxidation of the cyclohexene double bond of an intermediate azide and the reduction of the resulting azido epoxide 12 with Me 3 P/H 2 O. Under these conditions the initially formed amino epoxide undergoes smooth cyclization, leading directly to a tricyclic amino alcohol, which was converted to the orthogonally protected sulfonamide 13 [6b] . After oxidation of the C-3 hydroxy group, deprotection and oxidation of the primary alcohol to a carboxylic acid, and removal of the N-Boc protecting group, the closure of D ring was accomplished by macrolactamization to give tetracyclic keto lactam 14 [8] .
Four ring positions of the piperidone ring in the starting oxazolopiperidone lactam 2 have been successively involved in the stereoselective assembling of this tetracycle: (i) C-5: generation of the first stereocenter, bearing an allyl substituent, by a dynamic kinetic resolution process; (ii) C-4: introduction of an allyl group by a conjugate addition reaction; (iii) C-3: generation of the C-9 (madangamine numbering) quaternary stereocenter by sequential methoxycarbonylation and enolate alkylation; and (iv) N-1: closure of the 14-membered D ring by a macrolactamization reaction. Further elaboration of the advanced enantiopure intermediate 14 into madangamine Scheme 5: Enantioselective construction of the cis-hexahydroisoquinolone moiety.
Scheme 6: Towards the enantioselective synthesis of madangamine alkaloids.
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D is currently in progress in our laboratory. By appropriate selection of the alkyl halide in the alkylation step, the strategy we have developed could be applied to the synthesis of other alkaloids of this group.
Biomimetic Synthesis of Decahydroquinoline Dendrobatid Alkaloids
2,5-Disubstituted decahydroquinolines, which represent one of the major classes of amphibian alkaloids [9] , were first isolated from the skin extracts of dendrobatid frogs. The most representative member of this group is cis-195A (also called pumiliotoxin C), first isolated in 1969 from a Panamarian population of Dendrobates pumilio [10] . Although there are no conclusive studies concerning their biosynthesis, it is thought that these alkaloids might derive from the polyketide pathway, by aminocyclization of 1,5-polycarbonyl derivatives A, via cyclohexenone intermediates (B, C), as outlined in Scheme 7 [11] .
Scheme 7:
Hypothetical biosynthetic pathway to amphibian decahydroquinoline alkaloids.
Mimicking these key steps believed to occur in nature, we have developed a straightforward procedure for the enantioselective construction of the hydroisoquinoline ring system from 1,5-polycarbonyl derivatives, using (R)-phenylglycinol as a chiral latent form of ammonia. Appropriate elaboration of the resulting tricyclic lactams results in diastereodivergent routes to enantiopure 2,5disubstituted cis-decahydroquinolines [12] .
Our biomimetic approach was inspired by a serendipitous observation during model studies on the synthesis of (+)-anaferine: when attempting a double phenylglycinolinduced cyclocondensation from the polycarbonyl derivative A' (X = H, H), tricyclic lactam 15 was isolated instead of the target compound (Scheme 8). Its formation can be rationalized by considering that, after an initia l Scheme 8: Discovery of the biomimetic aminocyclization.
aldol cyclocondensation from the starting diketone A', the resulting cyclohexenone B' undergoes a phenylglycinolpromoted cyclocondensation in an overall process that parallels the biogenetic postulate outlined in Scheme 7. In accordance with this interpretation, diketone A' was first cyclized to the intermediate cyclohexenone B' in excellent yield and then converted into tricyclic lactam 15 by reaction with (R)-phenylglycinol.
By choosing the appropriate 1,5-polycarbonyl derivative, the above biomimetic double cyclocondensation can be adapted to the enantioselective synthesis of a variety of 2,5-disubstituted cis-decahydroquinoline derivatives, as exemplified by the synthesis of (-)-pumiliotoxin C outlined in Scheme 9.
The key steps of the synthesis are: (i) the stereoselective generation of the tricyclic unsaturated lactam 18a from diketo ester 16, via cyclohexenone 17a, by successive aldol and phenylglycinol-promoted cyclocondensations;
(ii) the stereoselective hydrogenation of the carbon-carbon double bond to install the appropriate configuration at the quinoline 5-position; (iii) an Eschenmoser sulfide contraction taking advantage of the lactam carbonyl present in the resulting saturated lactam 19a; and (iv) a PtO 2 -catalyzed hydrogenation that brought about both the stereoselective reduction of the vinylogous urethane double bond and the cleavage of the oxazolidine C-O bond of 20, thus ensuring the complete relative stereochemistry Scheme 9: Biomimetic synthesis of (-)-pumiliotoxin C.
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Finally, a one-carbon homologation completed the enantioselective synthesis of (-)-pumiliotoxin C [12] .
We have developed an alternative route for the preparation of the starting cyclohexenone derivatives 17 (Scheme 10), which allow a variety of R 1 substituents, either alkyl (via lithium phenylthio(alkyl)cuprates; method A) or functionalized carbon chains incorporating a protected aldehyde or hydroxy group (via a B-alkyl Suzuki-Miyaura coupling; method B), to be introduced at the -position of the cyclohexenone ring from a common bromoenone intermediate 22.
A phenylglycinol-promoted cyclocondensation reaction from 17, followed by a stereoselective catalytic hydrogenation leads to a variety C-5 substituted lactams 19, which can be envisaged as synthetic precursors of cis-decahydroquinoline alkaloids (Scheme 10) [13] .
Scheme 10: A general approach to the enantioselective synthesis of cisdecahydroquinoline alkaloids.
Interestingly, reversing the order of the catalytic hydrogenation of the endocyclic double bond and the Eschenmoser sulfide contraction reactions from 18a resulted in a dramatic change in the overall stereochemical outcome of the process, leading to the 4a,5,8a diastereoisomer of 21 (i.e, ent-2-epi-21), which was then converted to ent-2-epi-cis-195A following a synthetic sequence similar to that previously developed in the pumiliotoxin C series [12b] (Scheme 11).
The resulting configuration at C-5 is the result of hydrogen uptake from the less hindered -face of the endocyclic double bond, whereas the C-4a configuration, opposite to that in the starting lactam 18a, can be accounted for by considering that the iminium intermediate formed by an Scheme 11: Access to the 2-epi-cis series.
AcOH-promoted opening of the oxazolidine ring is in equilibrium, via the corresponding enamine, with the most stable 4a-H epimer, which undergoes a stereoselective hydrogenation of the C=N bond. A subsequent debenzylation followed by protection with Boc 2 O leads to cis-decahydroquinoline ent-2-epi-cis-195A.
The above diastereodivergent syntheses of enantiopure 2,5-disubstituted cis-decahydroquinolines open general enantioselective routes to both the cis-and the 2-epi-cis (for instance, 2-epi-cis-219A; see Scheme 11) series of these alkaloids. Starting from an appropriate (R)phenylglycinol-derived tricyclic lactam 18, the route outlined in Schemes 9 and 10 provides access to the normal cis series, whereas when using the enantiomeric (S)-phenylglycinol-derived lactam ent-18, the route depicted in Scheme 11 would lead to decahydroquinoline alkaloids of the 2-epi-cis series (Scheme 12).
Scheme 12:
A synthetic approach to cis-decahydroquinoline alkaloids epimeric at C-2.
Synthesis of Dihydrocleavamines and Quebrachamine
The indole alkaloids 20S-and 20R-dihydrocleavamine [14] and quebrachamine [15] share a tetracyclic framework, characterized by the presence of a central nine-membered ring and a 1,3-bridged ethyl-substituted piperidine, but differ in the substitution pattern of the piperidine moiety. Whereas both dihydrocleavamines embody a 3,5disubstituted piperidine (trans in 20S-dihydrocleavamine 520 Natural Product Communications Vol. 6 (4) 2011
but cis in the 20R isomer) differing in the configuration of the carbon bearing the ethyl substituent, quebrachamine incorporates a 3,3-disubstituted piperidine fragment.
The structural similarities between these alkaloids suggested that they could be synthesized by a common strategy, starting from an appropriate enantiopure 3-or 5ethylpiperidine-3-acetic acid, in which the key steps would be (i) the acylation of the piperidine nitrogen with a indole-3-acetic acid derivative, (ii) closure of the nine-membered ring by electrophilic cyclization on the indole-2-position, and (iii) the reduction of the acylindole and lactam carbonyl groups (Scheme 13).
Scheme 13: Synthetic strategy.
The required trans-3,5-, cis-3,5-, and 3,3-disubstitued piperidine derivatives were prepared taking advantage of the capacity of phenylglycinol-derived oxazolo-piperidone lactams to undergo stereoselective enolate alkylation reactions. Thus, lactam 24a, already incorporating the ethyl substituent at the piperidine -position with the absolute configuration required for the synthesis of 20S-dihydrocleavamine, was prepared by a cyclocondensation reaction of racemic -oxo ester 23 with (R)-phenylglycinol in a process that involves a dynamic kinetic resolution of the racemic substrate. Alkylation of the lactam enolate of 24a with tert-butyl bromoacetate to install the acetate chain took place with high endo facial selectivity leading to trans-lactam 25a. A subsequent borane reduction followed by hydrogeno-lysis in the presence of indole-3-acetic pivalic anydride led to transpiperidine 26a, which was converted to the target alkaloid as outlined in Scheme 14 [16] .
A similar reaction sequence from lactam 24b, easily accessible by acid-promoted isomerization of 24a [17] , led to cis-3,5-disubstituted piperidine derivative 26b [16] , which had been previously converted [18] to 20R-dihydrocleavamine. Crucially from the stereochemical standpoint, the alkylation of lactam 24b occurred with exo facial selectivity, thus pointing out that the stereochemical outcome of the enolate alkylation of bicyclic oxazolopiperidone lactams 24 depends on the relative configuration of the methine 8a-carbon.
Following a route that parallels those used in the above syntheses of dihydrocleavamines, (R)-3,3-disubstituted piperidine 29 was converted to (-)-quebrachamine [19] (Scheme 15). Amino ester 29 had previously been used in the racemic series as a platform for the synthesis of several indole alkaloids such as (±)-eburnamonine, (±)-aspidospermidine, and (±)-quebrachamine [20] . The synthesis of enantiopure 29 was satisfactorily accomplished from the simple (S)-phenylglycinol-derived 
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Natural Product Communications Vol. 6 (4) 2011 521 lactam 27 by a sequential enolate dialkylation with allyl bromide and then ethyl iodide, followed by conventional oxidation-reduction steps from the resulting gem-disubstituted lactam 28, which possesses the absolute configuration required for the synthesis of (-)-quebrachamine.
Synthesis of Alkaloids of the Uleine Group
The uleine alkaloids constitute a comparatively small group of tetracyclic indole alkaloids that lack the tryptamine carbon atoms present in the majority of monoterpenoid indole alkaloids [21] . They can be envisaged as 2,4-bridged, 2,3,4-trisubstituted piperidines bearing an ethyl substituent at the piperidine 3-position. While the absolute configuration of the bridgehead C-15 [22] position arises from their biogenetic origin from secologanin, there are alkaloids with each of the two possible configurations at C-20: H-15 and H-20 are cis, and consequently the ethyl substituent is equatorial with respect to the piperidine ring in most of the alkaloids of this group, but trans in the alkaloids of the 20-epi series (Scheme 16).
Scheme 16: Alkaloids of the uleine group.
The synthetic strategy for the synthesis of uleine alkaloids from phenylglycinol-derived oxazolopiperidone lactams is outlined in Scheme 17. The main problem is the control of the relative and absolute configuration of the C-15 and C-20 stereocenters. This was accomplished by a stereocontrolled conjugate addition of an appropriate 2-indolylacyl anion equivalent to a suitable ethylsubstituted ,-unsaturated lactam with the required C-8S (normal series) or C-8R (epi series) absolute configuration (bond formed C 15 -C 16 ). A subsequent intramolecular -amidoalkylation on the indole 3-position of the masked acyl iminium ion present in the resulting enantiopure cis-or trans-4,5-disubstituted 2-piperidones (bond formed C 7 -C 21 ) assembled the tetracyclic framework of these natural products, either in the natural or 20-epi series, respectively. As a consequence of the bridgehead character of the C-15 and C-21 stereocenters, the absolute configuration of the stereogenic center generated at the piperidine 4-position (C-15) after the conjugate addition reaction determines that of C-21 in the cyclization step. Scheme 18 outlines a diastereodivergent synthesis of cis-and trans-(piperidylmethyl)indoles 32 from a common lactam 24a [23] . The key step is a stereocontrolled conjugate addition, under either kinetic (stereoelectronic) or thermodynamic control, of the dilithium salt of 2-(2-indolyl)-1,3-dithiane to unsaturated lactam 30, which incorporates the ethyl substituent with the required S absolute configuration for the synthesis of the normal 20S uleine alkaloids. In the racemic series 2-[(3-ethyl-4piperidyl)methyl]indoles have been used as key intermediates in the synthesis of tetracyclic alkaloids of the uleine group and pentacyclic Strychnos indole alkaloids [24] (tubotaiwine, tubifoline, tubifolidine, and 19,20-dihydroakuamicine) .
Reductive removal of both the chiral inductor and the dithiane ring of cis-31, followed by TiCl 4 -promoted cyclization of the resulting 6-hydroxy lactam led to tetracycle 33, which was then converted to 34 [25], a known [26] synthetic precursor of (+) -dasycarpidone and Tetracyclic derivatives belonging to the 20-epi series can be accessed by starting from an unsaturated lactam with a 8R-ethyl substituent, i.e. ent-30 (derived from S-phenylglycinol), and preparing a trans-4,5-disubstituted 2-piperidone by a stereocontrolled conjugate addition of an appropriately stabilized nucleophile under equilibrating conditions. This was performed using methyl indole-2acetate, as outlined in Scheme 20. Intramolecular -amidoalkylation of the conjugate addition product 35 led to tetracycle 36, which was then reduced to alcohol 37 and finally converted to the nor-20-epiuleine derivative 38 [25b].
Scheme 20: Enantioselective access to the 20-epi series.
A Synthetic Approach to Silicine Alkaloids
The silicine alkaloids constitute a group of Corynantheantype 2-acylindole alkaloids with a rearranged skeleton that lacks the characteristic tryptamine moiety present in most indole alkaloids, displaying an unusual Ind-C 6 -C 16 -C 5 -N connectivity instead [28] . They can be envisaged as enantiopure 3,4,5-trisubstituted piperidines embodying an ethyl substituent at the piperidine 3-position and a sevenmembered carbocyclic ring fused on the d side of the heterocycle. The assembling of the tetracyclic skeleton of silicine alkaloids from phenylglycinol-derived oxazolopiperidone lactams was performed in three steps, as outlined in Scheme 21: (i) stereoselective conjugate addition of a vinyl fragment to an unsaturated lactam already incorporating the ethyl substituent present in the natural targets, (ii) stereoselective alkylation to introduce the 3-indolylmethyl moiety at the -position of the lactam carbonyl group, and (iii) a ring-closing olefin metathesis reaction to construct the carbocyclic seven-membered ring.
Scheme 21: Synthetic strategy.
Starting from the unsaturated lactam 39, easily accessible from the known lactam 24b [17] the above strategy was applied to the enantioselective synthesis of (-)-16episilicine [29] (Scheme 22) . Lactam 39 incorporates an ethyl substituent with the absolute configuration required for the synthesis of this alkaloid and an easily removable electron-withdrawing tert-butoxycarbonyl group to provide activation towards the two subsequent conjugate addition and alkylation steps. The introduction of the vinyl substituent was satisfactorily accomplished with complete exo-facial selectivity, cis with respect to the ethyl substituent as a consequence of the stereoelectronic control, by reaction with vinylmagnesium bromide. Alkylation of the resulting mixture of C-6 epimeric lactams 40 with bromomethylindole 41 took place stereoselectively on the most accessible face of the piperidone ring, providing 42 as a single stereoisomer. After a Wittig methylenation and removal of the activating tert-butoxycarbonyl group, diene 43 underwent a ringclosing metathesis reaction to give the trans-fused pentacycle 44, whose absolute configuration was unambiguously established by X-ray crystallographic analysis. Subsequent oxidation-reduction and protectingdeprotecting steps complete the synthesis of (-)-16episilicine [30] .
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A General Methodology for the Enantioselective Synthesis of 1-Substituted Tetrahydroisoquinoline
Alkaloids Simple 1-substituted tetrahydroisoquinolines are of great interest not only as alkaloids themselves but also as useful key intermediates in the synthesis of more complex alkaloids [31] . Phenylglycinol-derived benzo-fused oxazolopiperidone lactams, e.g. 46, are versatile scaffolds that provide general access to enantiopure 1-substituted tetrahydroisoquinoline derivatives 48, including 1-alkyl, 1aryl-, and 1-benzyltetrahydroisoquinoline alkaloids.
The key step of the synthesis is the stereocontrolled introduction of a substituent at the 1-position of the tetrahydroisoquinoline ring by an asymmetric -amidoalkylation reaction using an appropriate Grignard reagent (alkyl, aryl, benzyl) . Starting from the pivotal tricyclic lactam 46, which was easily prepared by cyclocondensation of aldehyde ester 45 with (R)-phenylglycinol, a variety of 1-substituted tetrahydroisoquinolones 47 were assembled following this methodology. The synthesis was completed by removal of the phenylethanol moiety and reduction of the lactam carbonyl (Scheme 23). A related approach involving the direct generation of C-10b substituted lactams starting from acylphenyl-acetic acid derivatives has been reported by Meyers [32] . Scheme 23: Enantioselective synthesis of 1-substituted tetrahydroisoquinolines.
Scheme 24: Formal and total syntheses of 1-substituted tetrahydroisoquinoline alkaloids from the common phenylglycinolderived lactam 46.
The above protocol provides access to (-)-norcryptostyline II, (-)-norcryptostyline III, and the alkaloids (-)salsolidine and (-)-O,O-dimethylcoclaurine [33] . Taking into account previous correlations [34], the above syntheses also constitute a formal synthesis of the alkaloids (-)-carnegine, (+)-cryptostyline II, (+)cryptostyline III, (+)-O-methylarmepavine, and (+)demethylcoclaurine (Scheme 24).
Scheme 25: Enantioselective synthesis of (-)-crispine A.
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The procedure allows the preparation of the tetrahydroisoquinolines bearing a functionalized C-1 substituent, for instance 2-(1,3-dioxan-2-yl)ethyl, which opens the way to more complex tetrahydroisoquinoline alkaloids embodying an additional ring. This was exemplified with the synthesis of the pyrrolo [2,1g] isoquinoline alkaloid (-)-crispine A (Scheme 25).
The examples presented in this review clearly illustrate that bicyclic and tricyclic phenylglycinol-derived oxazolopiperidone lactams are extremely useful building blocks for the enantioselective construction of structurally diverse alkaloids (Scheme 26). They all have in common the presence of a piperidine moiety, while differing in the piperidine substitution pattern: madangamines (3,3,4,5tetrasubstituted piperidines), pumiliotoxin C (2,5,6trisubstituted) , dihydrocleavamines (cis-or trans-3,5disubstituted), quebrachamine (3,3-disubstituted), uleine (2,3,4-trisubstituted) , 16-episilicine (3,4,5-trisubstituted), tetrahydroisoquinoline alkaloids (3,4-benzo fused 2substituted piperidines).
